Features and pathogenesis of adenoviral pancreatitis in rhesus monkeys were studied with an immunofluorescence staining procedure on tissues from two previously documented cases. Fluorescing adenovirus antigen in epithelial cells of the pancreatic ducts, duodenum, and jejunum suggests that under as yet undefined conditions, a primary adenovirus infection of the gastrointestinal tract ascends to the pancreatic parenchyma via pancreatic ducts.
Few reports have been published on necrotizing viral pancreatitis [8, 401 . This infection has been reported in suckling Arabian foals with spontaneous adenovirus infection [27] and in chickens experimentally infected with adenovirus [ 1 11 . Pancreatitis also has been produced in laboratory rodents experimentally infected with reoviruses [32, 39] , Coxsackie virus B3 [ 161, encephalomyocarditis virus [7] , foot-andmouth disease virus [36] , Venezuelan equine encephalomyelitis virus [ 131, and infectious pancreatic necrosis virus of salmonid fish [ 11. Virus-induced pancreatic lesions in both man and animals have been reviewed thoroughly [8] .
Only four reports of spontaneous pancreatitis in nonhuman primates have appeared [5, 9, 28, 381 , and at least two of these cases were due to adenovirus infection [5, 281 . Although characteristic inclusions were reported recently in pancreatic duct and bile duct epithelium of monkeys with adenoviral pneumonia, inflammation and necrosis were not seen [3] . Syncytial giant cells without inclusions or inflammation also were described in pancreatic ductal epithelia and parenchyma of rhesus monkeys infected with measles virus [15] .
Spontaneous adenoviral pancreatitis was first described in a juvenile rhesus monkey in 1974 [5] , but the agent was not isolated. Four years later, investigators isolated simian adenovirus type 31 from the necrotic and inflamed pancreas of another rhesus monkey with clinical and histologic findings similar to those in the first monkey [28] . Since that time, adenoviral pancreatitis was diagnosed in another rhesus monkey (Chandler and McClure, unpublished findings), and the disease seems to be a distinct entity in this species. The pathogenesis of this disease is not yet understood.
In this report, we review the salient features of adenoviral pancreatitis in the rhesus monkey, and attempt to define the pathogenesis of pancreatic infection in the two reported cases [5, 281 by using a specific immunofluorescence staining technique €or adenovirus in fixed, paraffin-embedded tissues. We also present the findings of a retrospective histologic survey of pancreata taken from 1,002 nonhuman primates at necropsy to determine the incidence of adenoviral pancreatitis in these species.
Materials and Methods
Formalin-fured, paraffin-embedded tissues selected for immunofluorescence staining included pancreas, stomach, duodenum, jejunum, and liver. The tissues were sectioned at 5 6 pm, picked up on microslides, deparaffnized by passage through two 2-minute xylene baths, rehydrated in graded alcohols, and then immersed in a solution of 0.25% trypsin in Hank's balanced salt solution without Ca++ and Mg++ (Gibco Laboratories, Grand Island Biological Co., Grand Island, N.Y.) for one hour before staining. The method for pretreating fured, paraffin-embedded tissues with trypsin to enhance immunofluorescence staining of adenovirus will be reported in more detail elsewhere 161. Fluorescein isothiocyanate-conjugated goat antiserum (group specific, lot no. 3-8556, MA Bioproducts, Walkersville, Md.), diluted 1:40, was then applied to each tissue section and the sections were kept in a moist chamber at room temperature for 30 minutes. Sections were washed by immersion in two 5-minute buffered saline baths, cover-slipped, and examined with a Leitz Orthoplan Ploem binocular system illuminated by a 100-watt halogen lamp and equipped with the H2 filter block and K480 filter. Positive substrate controls consisted of HEp-2 cells infected with adenovirus. Formalinfixed, paraffin-embedded sections of histologically normal rhesus monkey pancreas served as negative controls.
To determine the incidence of and species susceptibility to adenoviral pancreatitis as part of the retrospective survey, we retrieved approximately 3,000 microslides of hematoxylin and eosin (HE)-stained sections of pancreas from the files of the Yerkes Regional Primate Research Center and the Centers for Disease Control. These sections came from necropsies of 1,002 nonhuman primates that had died of various causes between 1966 and 1979. Sections evaluated were taken from 557 females and 445 males of 33 nonhuman primate species. Of the 1,002, 660 were adults of unknown age and 342 were laboratory-born and of known age, including 94 less than one year old, 92 from one to five years old, and 156 from five to more than 20 years old. The numbers of animals in each species were 326 squirrel monkeys, 321 rhesus monkeys, 100 great apes, 123 other macaques, 61 other Old World monkeys, 39 other New World monkeys, and 32 prosimians. Each author examined all sections independently.
All tissues examined retrospectively had been fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned at 5 6 pm. During the evaluation of HE-stained sections, replicate sections of selected tissues also were stained by Lendrum's inclusion body stain, Masson's trichrome connective tissue stain, and the Brown and Brenn or Brown-Hopps Gram stains [25] . Sections of tissue containing known gram-negative and gram-positive bacteria, and adenoviral inclusions, were included as positive staining controls.
Results

Review of salient features
The two documented cases of adenoviral pancreatitis [5, 281 and one additional case (Chandler and McClure, unpublished findings) occurred in juvenile or adult rhesus monkeys (Macaca mulatta). All three monkeys died less than one week following acute onset of a severe bloody diarrhea. During their brief clinical illness, they were depressed and anorectic, but classical signs of acute pancreatitis, such as abdominal pain and vomiting, were not evident. The monkeys had not received corticosteroids, and they were not pregnant-factors known to be associated with acute pancreatitis in man [30, 441.
Gross lesions were essentially the same for all monkeys. The enlarged, friable, nodular, and discolored pancreas was thought to be neoplastic at necropsy. For this reason, viral isolation and characterization were not done except in one case in which fresh pancreas was frozen [28] . The necrotic pancreas usually extended from the duodenum to the left kidney, and adhered to these and contiguous abdominal organs. Neither peritonitis nor abdominal fat necrosis were evident.
The procedures for isolation and characterization of adenovirus type 31 in one case [28] , and of other adenoviruses [14, 18, 371, have been reported in detail, and will not be discussed in this article.
The light and electron microscopic findings in the pancreas of each monkey were homogeneous inclusions usually filled the entire nucleus and obliterated structural detail of the nucleolus, chromatin, and nuclear membrane. The presence of nuclear material in the cytoplasm (nucleocytoplasmic fusion) created the dark, so-called "smudged" cells that are characteristic of adenovirus infection; these cells were striking at low-power magnification. Clear haloes around inclusions were rare. Crypt abscesses of the duodenum and small intestine were seen in one monkey, but typical inclusion bodies in intestinal epithelial and other cells were not seen. In other organs, there was no evidence of adenoviral infection.
Ultrastructurally, intranuclear and intracytoplasmic crystalline, granular and fibrillar forms of replicating adenovirus were common in degenerating and necrotic acinar cells ( fig. 2) . There was no evidence of viral replication in cells of the islets of Langerhans. Virus particles were hexagonal, about 60 nm in diameter, and formed paracrystalline arrays in both the nucleus and the cytoplasm ( fig. 3 ). They were like those previously described in cultivated cells infected with adenovirus [ 17, 26, 29, 34, 451 and in natural and experimental adenovirus infections in man and animals [20, 35, 421 . Less mature intranuclear virus particles appeared as electron-dense, irregular granules. There was extensive necrosis. Cell and nuclear membranes often were fragmented, and extracellular virus was abundant when contiguous to acinar cells were undergoing lysis. Widespread viral synthesis apparently was responsible for the initiation of pancreatic damage. Electron microscopy of other selected organs, such as lung, liver, kidney, spleen, adrenal, colon, and mesenteric lymph node, showed no virus particles.
Immunofluorescence studies
In each case, large amounts of green, brightly fluorescent, adenovirus antigen were seen in the nucleus and cytoplasm of pancreatic acinar cells and epithelial cells of some intralobular and interlobular ducts, but not islet cells. Some acinar cells were engorged with fluorescing material (evidently corresponding to the "smudged" cells seen by light microscopy), while others contained only a few small, intensely fluorescent fragments that usually were intranuclear. Myriads of extracellular, pleomorphic fluorescent particles were common in areas of severe necrosis. Small amounts of intranuclear and intracytoplasmic fluorescing material also were seen occasionally in the surface epithelium of the villi and crypts of Lieberkuhn of the duodenum and jejunum. In one rhesus monkey [5] , the duodenum immediately adjacent to the pancreas contained the greatest concentration of fluorescent material. Fluorescent material was not seen in sections of liver and stomach.
In tissue sections treated with a 0.25% trypsin solution prior to immunofluorescence staining, adenovirus antigen was strongly fluorescent each time slides were processed ( fig. 4 ). Nonspecific fluorescence was minimal, and background tissues looked light yellow-brown. Control slides of adenovirus-infected HEp-2 cells were uniformly and strongly positive.
Retrospective survey
Pancreatic lesions of varied severity were found in 189 (18.8%) of the nonhuman primates evaluated, and are described elsewhere in this supplement (McClure and Chandler, page 193). Acute or chronic pancreatitis was seen in 20 animals including eight rhesus monkeys, five squirrel monkeys, and one each of cynomolgus, bonnet macaque, chimpanzee, owl monkey, mangabey, stump-tailed macaque, and cebus monkey. Acute pancreatic necrosis associated with adenoviral infection was found in only three monkeys. All were rhesus monkeys, and two of these cases have been documented [5, 281 .
Discussion
This retrospective survey indicates that acute necrotizing pancreatitis due to adenovirus is a distinct entity in the rhesus monkey. Our immunofluorescence findings of adenovirus antigen in intestinal epithelial cells suggest that a possible sequence of events in the pathogenesis of adenoviral pancreatitis in this species is that, under as yet undefined conditions, a primary adenovirus infection of the gastrointestinal tract ascends to and involves the pancreatic parenchyma via the pancreatic ducts. Both monkeys with documented adenoviral pancreatitis had diarrhea a few days before death [5, 28] , and in one, adenovirus antigen was found in the immediately adjacent duodenum. When and why pancreatic infection occurs is uncertain, but it may be that invasion and subsequent replication of adenovirus are precipitated by stress factors. Simian adenoviruses have been isolated from the pancreas, intestines, tonsils, kidneys, conjunctiva, nasal passages, and nerve tissue of apparently healthy monkeys [2, 4, 23] , and the consensus is that these viruses usually exist in the latent state, and only rarely cause disease in nonhuman primates. Experimental infectivity studies in vervet monkeys showed that adenovirus is in-volved in the pathogenesis of pneumoenteritis in this species [24] . The virus also has been associated with disease syndromes such as pneumonitis [lo] , enteritis [ 10, 2 11, conjunctivitis [22, 431, and hepatitis [ 191 in other nonhuman primates. Recently, 26 cases of fatal adenoviral pneumonia were reported in six different species of nonhuman primates, including the rhesus monkey. Neither necrosis nor inflammation of the pancreas was seen in these monkeys, even though adenovirus-like inclusions were present occasionally in cells of pancreatic ducts [3] . In man, adenoviral infections usually are found in the respiratory tract and eye [12] , but the virus also has been incriminated in cases of acute infectious diarrhea [ 121, intussusception [46] , and acute hemorrhagic cystitis [3 I] . Experimental studies have shown that rhesus monkeys are not easily infected with type 4 adenovirus of man [33] .
Adenoviral pancreatitis can cause clinical disease and death in the rhesus monkey, and may be more common than is generally believed. Clinicians and pathologists concerned with nonhuman primates should be alerted to the possibility of pancreatic disease associated with this virus. Further studies on the pathogenesis of adenoviral pancreatitis in the rhesus monkey also might lead to a better understanding of acute pancreatitis in man.
